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FAT7GHAL AEVISQHY COMOTXEE FOR AERONAUTICS 

TKCHHICAL NOTE HO. 1312 

/. COMPARATIVE SHOT CF WEIGHTS MB SIZES OF 

FLf.T-n.VTE Em^UST-GAS-rC-rAIS HE/.T 

ncra/jr-EHs WITH im WEHOUT I^PC 

3y Tho.-val Tjnduland 2nd 
Chrri.ua P. Ste'iunotz 

SUM-LOT 

AmJ.7blc.vl coap-rii>cn3 of woie'it3 end volumes MM m-.do for 
fl-t-platc hoat jjcobrngora havln? the saao c.~J.cjlatod thoimal 
output "»id frieticn ijr..03Ui*c drop for throo diffcront fla configura- 
tienn; ncauly,  (1) no flat,  (2) flnu in both the -lr -nd tho oxhouot 
gao passag:-?, "nd (3) fins in tho air pcauagus only.    Tojt data fit» 
tvo !,oa: oxclv-.r.gjrc, cno of conT'.fcurcticn (1) and tho ether of 
copfigw-tion (2) IXQ conparjd vita tho ;:'r<.dict<jd wuijdita and 
volunc.3.    Thj thvrmaj. outpvt -nd preoouro-drip porforratneo for 
ttit x. two ox^VLa'jora, M cvaiv.-fc.d i'ron flight and grounl touts, 
cro Plao prooontod. 

Vith tho v.oo e* f Ir.c  'n both thi -.ir end tho crhnurt-gno 
prcsogoo, reductions in volume of tho hoat-oxch-mg-r c~ro cf 
Jlrjiif leant magnitude can bo obtaln-d.   Weight roduatlono with thtd 
f1n arrangone-it d^p;nd upot. tho design fin officlonry nnd t'.io 
tI:lc!aiooc cf vho ITiid prooago ?'-p3.    JSJ larguat rcduetinna in votght 
von obtained with tho lcvont dooign fin officioncico iw.-8ttgatod, 
r.anol;' 70 poroont, and 'n .axchinjjcro which h-.vo n 1:J?^O nunKr of 
pacoaQcn with tho naao also o.'.r -nd oxhauat-gac pc40~3i. gapa. 
H-ductlona in volght and volicio with flat In tbj air pecsagoa 
only ar^ not 90 largj a3 occur with thu UJC if finj In both 
p-.oc-.go-!. 

J 
••US' 
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IMTBOCOCTIOII 

Tho performance of several cxhaust-g-o-to-air hoat oxchcngoro 
hnfl beon evaluated by ground tootB node at tho University of 
Callfcrnl". (roforonccs 1 through 1») and by flight toots conducted 
• t tijo ADOS .'vorsncutic.l Lcbnratory (roforencos 5 end 6).   As a 
rcoult of Uioao tosts, the practicability of various designj of hoat 
exchangers ra • source of ho'.tod air for a thermal ico—provontlon 
oysten has boon established; rlso lnportcnt thoorotlc-1 relation- 
ships for prodi-tlnK tho porfcmanccs of vnriouc typos of hoat 
oxch-ngoro h-vc boon dotominod.    Tho purposo of tho current study 
is to investigate the possibility of reducing tho ovor—ill size and 
vcl.Tht cf flat-plate-typo hoct exchangers by the addition of fins to 
the surf ices.    Tfco flat-plat».—typo heat exchanger vrs selected for 
invocVgation bocaucc it possessed cdvcnt-goo,  in rolrtlon to other 
typos,  in alzo -nd weight for specified values of hoat-transfor 
rnto and prossuro drop. 

Tin: lnv-.iatlcption van oondustcd in tvo pcrts: theoretical end 
experimental.    Tvo representative hoat oxohensers vorc constructed 
and tested to vori-y tl;c results of tho an".lysis.    Both tho 
thoorctical -nd M^orlaontcl investigation« vore conducted rt 
Anoo Aeronautical Labor-.ttiry, Moffett Field, California. 

SYMBOLS 

r.io symbols used throughout tho roport aro as f-llovs: 

A cross-sectional froo-flov area of hoatr-exchangor core, square 
foot 

b fluid passage vidth, foot 

Cp sp-.'ciflc hoat of fluid, Btu per pound, degree r-hrenhoit 

I>o ?quivlont or hydr-ulic dianctor l k'./Lp    ,    foot 

& fluid passage gap, feet 

!' friction frctcr for fluid flov, dinoncionlcos 
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woi^it rrto cf fluid flov per unit ci-ooo-ccetionnl area 
(w/;.), p^undo per hour, oquaro foot 

rurfacc Iwit IminTM coofficiont, Btu nor hour, ogur.ro foot, 
äoi/rco Fahrenheit 

thoraal conductivity, Btu por hour,  aquarc foot, dogrco 
Fahrenheit per foot 

conatart or fcetor, dimortslonlooa 

fluid pm;*». lcnrth, foot 

wottod poririotor of fluid paoonga, foct 

no—fljv divnoi-n, fiot 

ruv.bor of pa3mgoo for one fluid 

otrtic proBaurj, pounds per oquaro foot 

total pressure, poundo per aqu-re foot 

prooourc difference, poundn por sguaro foot 

dynraiin prccourc or velocity hood, poundc per cquaro foot 

r-.tc of ho"t flcv, heat output or onthnlpy chanpo, Btu per 
hour 

Ronaldo nunbor    (Do0/u),    dincn3ionl08o 

hcot-trannfor-rmrfrco rror,,  oquaro foot 

etatie trüporaturc, degrooo Fahrenheit 

et-tic tenporature difference, dtgreoe Fahrenheit 

rbccluto tonperrturo    (t + U60), dogrecc f-hrenh'.lt absolute 

cv„r—-ll he-t-tranofor coefficient b:.ood upon • unit primary 
he-t-ta-rsf-.r-nurfaCL: -it-, Btu por hour, oquaro foot, 
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velocity, foot por oecond 

voluno of hfsfr-oxch-jigor coro, cubic foot 

weight rrto of fluid flow, pounda per hour 

weight of hoct-cxchingor coro, pounds 

weight of finned Burfnccs, pounds 

fin length, foot 

ootrJL tMc.knooo, foot 

fin ufflcluncy, diiajnoionless 

.-1T.C3 djnotty, tluga por cubic foot 

nbcoluto vloi?ro?ty, pounda por hour, foot 

opeclfle voljdit off lioitr-oxchongor wturld, pounda por cubic r    t 
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P pi* to or vrll surface8 

ovt outlet conditions 

x firmed ourfacos 

Vet tost conditions 

,2,3,4fs     refor to stations of tho hoct-exchangsr lnctallation.ee 
tostod In flight 

T3EC2E7BVX HJVBSTIGATiail 

In ordor to dctornino If rodu-tione In tho eito rnd volght 
of flst-plcto—typo Iioat  ixchjngjro by th- addition ef fine aro 
possible, tonorai uijintJona for the porfonmnco of euch boct 
:>xcb*n3or3 !PJ3t be developed rnd oxproesod in tcro3 of tho prlaary 
varlr-bloE.    The ablutions to thote gonoral oqirvtions should provide 
a series of Charta from vhich tho optimum boct-oxehongor ioaignn 
ecn be coloctod for certein fixjd initial cwiditiono.    By 
developing such iwolpi clitrte for bitli firmed and unfinncd beet 
exchangers, the relative olio sad voight .-dvntrigo» of either can 
bu dotonoinod for th.  aca<-  lnitlcl eon&iticno. 

1 

Tho important fr-ctcr i*ich Aotcrainoa tho veijjht and vilu». 
of an unfinnod hot.t wXclnntor io the priaary hor-t-trrinef <r— 
aurfeeo erva.   Foforrine to figure 1, vfciob is n sketch of tho 
simplest tjfo of fl-t-platu "To?t exchanger,  it cm bo obovn that 
tl... voigbt and volume of the core ore 

W0 . aFgbobgypyp (1) 

••-- 
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Ti:.  v-.lght of the core 28 oxprooood by equation (1) Is that of the 
total flat-plato surface area, with tho weight of structural 
a-ab<.ra( flanges, voiding material, etc., neglected. 

A comparison of uquatlons (1) and (2) Indicates that tho 
product b3.bg, which Is tho area of one of tho plates. Is common 
to both equations. By oppressing the hoat-transfor-surfaco :rji as 

8 " 2 W« 

then tho product   b-bg   is 

*cbs •   (S/2MJ 

Substituting tho above value of b k 
bocoaa aiuö or »ab8, equations (1) and (2) 

We "   ( tyty Syp-/p 

and 

(5) 

w 

(5) 

• • 

*c • (SZn/2»„) 
(6) 

Fron oquatlons (5) --.-ad (6) It la apparent that both core weight 
•md volua> vary directly with the heat-transfer—surface area. 
Thus for tho sono fluid passage gaps and number of passages, and the 
.;-JU pl-ti- metal mat-rial and t.h'.ckness, both the weight and the 
volume of a flat-plate hoat-oxchangor core can be decreased by 
reducing the primary hoat-transfur-uurfoco area. 

Che method which seoos likely to reduce tho primary heat- 
t.-Jk-f r rurf'.cu area 1c to utill to flnnod surfaces In both tho 
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air and the exhaust-oss passages or In either of the passeres. 
To obtain an indication of the practicability of the use of finned 
surfaces to reduce the primary heat-transfor-surface area, it 
is naceasary to examine their effects upon the thermal output 
of the heat exchanger. 

The total heat-transfer rate between the exhaust gas and air is 

Q - ups z»M (7) 

whore the over-all heat-transfer coefficient U- Is baaed upon a 

unit primary heat-transfer-surface area, and the mean temperature 
difforence £t(j (from reference 7) !• 

*«" ^cf 

(t. in ^1» ) " (*(«* " 
taout) 

^l^an " ^lO/^Sb* Bout, )J 
(8) 

In equation (8), the factor Kcj is used to express the variation 
of the mean temperature difference betveen cross flow and parallel 
flow. 

For Given dealrn conditions of thermal output, air and 
exhauot-^as flow rates, and inlet-air and exhauat-gaa temperatures, 
tho mean temperature difference in equation (7) is constant. Thus 
for the same thermal output, any increase in U , in equation (7), 
will result in a proportional decrease in S, the primary heat- 
trinsfer-surface area. 

For an unflnned or all-primary heat-tranofer-surfece-type 
heat exchan.jer, the over-all heat-transfer coefficient as noted in 
reference 7 and neglecting tho thermal resistance of the valla, is 

UP 
(l/h6) • (l,ha) 

(?) 

where 

0.02 K)(«e) 
0.8 

(10) 
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Equ-tlon (10) ID applicable for turbulont flow of greoo In round 
tub-.- 2nd has boon proven satisfactory for turbulont flow through 
rcct-ngular channol3 whon in equivalent or hydraulic dicootor io 
uood.   With tho "ddltlon of flnnod surfaces tc both tho a.lr and 
the exhaust-gas passages, tho oxprosslon for tho ovor-ell boat- 
tirnofor coofficiont boconos 

(11) 

h8 <> + [(TSX)G/S]}+    hc   [l*  [(TSx)a/sl} 

Ibo offocta upon 
cxhauat-pio pacBagoj'nay bo lllustratod by asmming appreximto 
vnluoo frr thu vsrlabloo In equations (9) and (11).    For oxanplo, 
acouning a. ratio of tffoctivo fin area to primary surface nror 
equal to 1 or ( ;',x;''"•)  •- 1,    and assuming equivalent values for the 
surfrco ho-t-transfor cooffleienta In both aquations,  tho increase 
In   Up    la 100 porccnt.    Biuo for tho acao thornal output, a. reduc- 
tion of tho prlnary liuvt-tranofor—surface 
la poaslblu. 

iron, of 50 purcont 

Hie othor fin "rr~ngonont conaldorod Is tho addition of Tino 
to olthcr tho air or tho exh-uct-gas passages.   With flna In tho 
air iv.ac-gos, the- ovcr-rll hoat-transfor coofflclont la 

Up- 

ft»    i + KTSXWS ] 

(12) 

and with fins In tho cxhauat-tsa pasaacos, 

1 + [(rj3,)„/; 

(13) 

it 

•   • 

Bio lncrcaso In   U-,   with thla fin arransenont can rlao bo shown 
by acounlnc "ppr-xiaatc values far tho variablen In equations (9), 
(12), cad (13).    »'.oaunlnG   h.    and   h„   In -11 throe equations equal 
tr 20 and assuring    (^X/S) - 1 In equationo  (12) and (13),  tho 
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incroaca in   U.   recultinc frco tile .addition of finB to one aat of 
fluid j--r.ac.3u!; ir jM percent.    Therefore,  it io apparent that foi- 
the a:ne affoctlv.» fin vj«r. the larger decroaso in tlie prliary 
heat-cronr-for-surface M can be obtained by using finu in both the 
c.ir and tha _xh.auot-ga3 ;;ae3agc8.    Because tha haat-tranafer 
coofficlunta,    h.    and   hf,    ore of approximately the saiu mgnitude 
in •-.   xr.?.Vi^'U-3".G~to-r.ir holt exchanger, the effective fin aroa 
•hould bj aa&o to ba of the sans nugr.itudc for both tho fix and 
the oxhauct-gas oidoa.    tor any voluo of uffoctivo fin aroa   i)Sx, 

equality of tho torna h^ 

"« [1+ ((T^ys r 
l(^sx)a/si | ^r.4 

will renult in tho lorgeat poadblo increase 

in the ov.-r—"11 ho'.t-transfor aoofficiont   Up. 

As my bo nctod fro-i oqi\aticn (3), tho total primry hoat- 
tronefor—aurfeco iw». con bo reduced ty deeroarlng oithor   ba, 
bg,    or   Up.    With tho use of fin3 and for equivalent fluid 
paaBRgci gaps, doororolng either   b~,    bg,    or   Ng   results in an 
increase of tho friction preaaura drop of tho heat-exchanger 
core when tho fl"ift fJ.ow ratos ore conetant.    TM3 increase in 
friction procBure trcn io due to tve causes; nnaoiy,  (1) incroasing 
tho volocity of th) air or oxhr-uBt gaa la tho hoat-oxchangor core 
CB a ruBUlt of dearoaulng tho crosB-eectional aroa for flow by 
decreasing either   b„,    bg,    or   N„, and (2) increasing tho 
vettod surface rar.'x»t«r by addinj finned surfaces and thereby 
docreacinc the hydraulic dianotor of the fluid paanogoo.    The 
friction proaauro drop for fluid flow in rectangular paaragoa nay 
bo oxpreaood, when "n equivalent or hydraulic dianjtor tl used, 
as follows: 

*»•'* v " • "•' C*L/I>e) (1U) 

To conponsr.to for th; increase Jr. friction proasuro drop 
resulting fron the addition of fine, it la noceaaory to incroasG 
tho gca-paesago gapa, thereby increraing tho no-flow uiaoneion, lB. 
A,s< indicated by equation (S)# an increaso in tie no-flow dimension 
my also increase tho volume of th.- Iv^at-exchangar coro, dup-endlng 
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i-pon tho nngnitudo of tho docroaso in   b?_    or bg   or both. 
Thorof ere, it appoors probable that tho» will be an optinun gas 
pesarTo gap at which the total core volunö will bo a aininun. 
Th- subsequent analysis was uado in ardor to doternino this point 
of r-ia'aur. corn weight and voluue. 

Frjailioa of heat oxchangorn of tho following configurations 
woru designed: (1) infinncd flat plate, (2) flat plato with fins 
in both tho air and thv= exhaust-gnu passages (.3) flat plato with 
fins in tho air pascals only. The weights and voluaes of tho 
finnod and unflnnud units wero than cor.pamd. Tho design condi- 
tions wore tho snru for all throe h&at-oxchangnr configurations and 
are llstod as follows: 

Air Sldo Gas Side 

250,000 250,000 

7-5 10 

3500 3500 

» 1600 

14.7 IU.7 

Ifcat output,   Btu/hr 

Friction pressure drop, lb/sq ft 

Flow rato, lb/hv 

Inlet tenperatur.., *"F 

Inlet pressures, lb/sq in. 

Bio design Of the heat exchangers was accomplished by 
expressing tho relationship for 01« 1» »11 he-.t-transfor rato 
(aqur.ticn (7)) anl the relationships for friction pr-ssüro 
drop for both air anJ. oxhaunt sas (equation (Ik)) in toraa cf 
the fluid-passage Allusions   b   and   d   and tho nur.ibor of 
pascages    N.    Those relationships wore then solved slnultanoously 
for expressions for tho fluid-passage diconolons in terns of tho 
following variables: 

1. Kuubor of air and exhaust-gas passages   Jf-,    Ng 

2. Specific proportios of tho gases   k^, k_, ua, u_, 0,, o~ 

3.    Weight-flow rates    V„,    W e 
k.    Friction pressure dropc (App)n, (Ap*)B 

5. a. -t output Q 

6. Hian toapuraturo difference Atg 



BACA TU Ho.-1312 11 

Tho fluid paosace dimiMions bRJ b^, and dg were then 

determined by •.ioeumlnr tho number of air passage? Ha und tho air 
ps.3c.ee gr.p da. Simplification of the equations, which apply with 
tiio uau of finnud surfaces, wao effected by tho following assump- 
tion:;: 

1. lie roducMor in free oroas-oeetional area for flow 
In a gas passage was negligible due to tho presence of the fins. 

2. 2» ratio of flat-i>late or wall surface area to fin area 
va; 0.707. 

Tho second assumption recultn from arranginp :he fins in the form 
of -triangular corruca:.inns In tho gau paos^rej, with each side of 
a cd-rugi.».ion a1 *n ingle of 1*5° to the wall ourfrxes. 

The wei/rh' Of the finned surfacoa in the air passages and for 
the flaa in the oshaust-eaa pariarea vat  computed as follows: 

r.% *a H y« "'x 
cos 1*5° 

*n \- *e ?x "'X 
s-,    l.r.O 

(15) 

(l£> 

The specific wuijht if the iru yx   used In equations (15) and 
(16) was thr.t of itainlt!33 steel. 

Tils thle'inejj pf the finn was dt tormined from *he design fin 
efficiency or.4 tht- prr—pcaacpi gap. Tho oxpnuslon for fin 
efficiency, aa given In refbrinci 6, lo 

tonh -.v 
aw (17) 

where 

- V?h/kryx 

As lay br noted Prom equation (17), the TCrliM.es in the geometric 
design of the fin which d.-toraine their efficiency ai»; thi fin 
length nnc thlckncs-. Tho arrangement of the fins In a fluid 
passige established their long Ml as 



2 cos 1.5° 
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(X6) 

Thue by moans of equations (17) and (18) and the deaign fin 
efficiencies, the thickness of the fins waj computed. In 
oqtu-.rion (17) an average hor.t-transfor coefficient of 20 Btu per 
hour, square foot, °F end the thermal conductivity of stainless 
steel based upon ;i temperature of 900 F wore assumed. These 
acaurcptions were found to be representative of calculated heat- 
transfer coefficients and wall teraperaturo3 for several of the hont 
exehingern designed. Tho thermal conductivity of stainless steel 
obtained from reference 9 for o temperaturo of 200° F vas 12.2 Btu 
per hour, äquare foot, °F per foot. Tho range of fin thicknesses 
for the fin efficiencies and fluid passage gaps investigated is 
specified aj follows: 

1. For a fin efficiency of 70 percent, the fin thickness was 
0.O0U inch for a 0.2-inch gap, and 0.025 inch of a 0.5-inch gap. 

2. For a fin efficiency of 90 percent, the fin thickness was 
0.015 inch fcr a 0.2—inch gap, and 0.10 inch for o 0.5-inch 
gap. 

The weight of tho flat-plate surface area was determined by 
means of equation (1). The plate material was assumed to be 
0.032—in^h-thlck stalnle.is steel, nils neu.l '.hlcktiess was chojon 
es approximately the minimum required for satisfactory service life 
and vuc br.jed on past experience in flat—pit.te heat-exchanger 
construction (reference 5). Tie volumes of the h'-:1.—exchanger 
cores were determined by means of equation (2). 

EE3ULT5 OF ANALYSIS 

Design charts which show the dimensions of the fluid passages 
for the finned and unflnned heat exchangers are shown In figure 2. 
The dimensions of tho fluid passages wore determined by moans of 
'•quetloru (7) and (1U). In those chartj the p-.sor.ge dimensions 
°ai *>gi &na "'g aro plotted as a function of the air-passage 
gap d,a with the number of air passages as a parameter. These 

charts were uat4 to calculate tho weights and volunos of the heat- 
excharigor cores. 1% la apparent from flfur« 2 that, for a given 
air gap and nur.bor of passages, n large reduction In b„ and a 
sor.ll Increase In b& result from the addition of finned surfaces, 
thus indicating a considerable reduction in the primary heat-transfer- 
•urface area. However, an Increase of the r.o-flow dimension for 

L 
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; 

the finned hpat exchangers Is Indicated by the larger gaps of the 
cxhcust-g-s passages. 

«"lgure i  3howa a comparison of volumes between the heat 
exchr.ngera without flno and with fin» In both the air and the 
exhr\i3t-ßco pf.ji.-._jea. Ir. this figure the volumes of the heat- 
exchanger r.ores have been plotted ea a function of the air— 
•      •'.'•• "'J  '.i'  "' Tx-3fjiblo trends, comnnrisonu re-re mde 
for families of heat exchangers with 10, 15, 20, and 30 air 
passaj'ea and for heat oxchangers with fin efficiencies of 70, 60, aal 
90 percent. Inspection of the curves Indicates that, for both the 
finned and the unflnnod heat exchangnra, lncroaslng the number of 
air passages Nn greatly decreases the core volume; also for a 
given r.unber of passagei, a considerable saving In the ovor-all 
size or vol'.ime is possible by the use of fins. Ac would be expected 
the aaallent hoot exchangers arc those with the moo1; efficient fine. 
It Is P.IJO not'cer.ble that the addition of fins increases the 
optimum alr-c^p thickness and that as the numbor of passages 
Increases the optimum ali'ugap JJilokneaB decreases for both the 
finned and the unflnnod hea« exchungors. From figures 2 and 3 It 
•my be soon that the ininiraim volume of the finned and unflnned 
heat exchangers MOW* when the air and exhcua t>-«jti3 passage gaps 
for oach type of exchanger are the sane. 

Figure U shown compcrioono between the weights of the heat 
exchangers without fins and with flno In both the air and the exhaust- 
gas passages. It Is apparent from this figure that, with a smell 
nur.bor of fluid passages and with 90-percent efficient fins, 
Increases in the woight of the core results with the use of fins. 
V" h a small number of fluid mesages, as Indicated In figure 2, the 
exhr.unt-gas passage gaps are larpe ou compared to the exhaust-gas 
passage gaps when there uro a large number of passages. Therofore, 
for high fin effl-lenclou, thlckor fins must be used in the exhaust- 
gao passages, thereby Increasing the weight of the core. With loss 
effi-slert flr.i and particularly with a large numbor of passages, the 
use of fins results In a reduction In weight, with the maximum 
reduction in weight occirrlng when the air and the exhaust-gas 
t ••-.•• • -.r -" 'V- !•:--• tkMkBMa« 

It is of Interest to note that for the finned heat exchangers 
the minimum weight and vclume occurs for the surra aliwpossoge gap 
for a given number of passages. However, :'ar a  thermal Ice— 
prevention system, the heat exchanger Is uavally selected with 
dlaer.3lor.fl which •..•111 met the space requirements. These 
dimon ilona may not correspond to those of ninlnum weight and volume. 
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For all prncticcl purposes, the weighta of the unfinred 
hoct exchangers ire osai nti.-.llj constant us the e.lr—pacsage gap 
la verlad. Reductions In weight are achieved for the unflnned 
heat exchangers b;r increasing the number of passages. However, 
vlth n Increase in th. nuiaber of passages the weight, reduction 
1? not as l-.xie aa compared with the finned units. 

Figures 5 and 6 cm comparisons of volume and weight, 
respectively, betvoen families of unflnned exchangers and exchangers 
with fins in the ;.ir passages only. Theso figures indicate reductions 
in the volume r re possible by using fins in th* air paau-.pr a only, but 
the magnitude of the reductions is not r.s largo r.s with fins in both 
the air and the oxhaust—gas-passages. W. ight reductions are obtainable 
with small r.lr—pansago gaps whom design fin efflciencie-3 can be 
obtained by ualnr short thin Tins which ore li</ht. For low fin 
efficiencies and with a large number oC gas pr-sangos, the reduction 
In weigh* when u^inj f Jna in the air puaaagoj only is not as large 
as with th:- addition of fins to both tho air i.nd Uie exhaust-gas 
p:j!S5pe3. 

EÄFEKrCIlTAL linn ~TirA?I0:.' 

To check the design procedure used in the analysis and to 
obtain comparisons with the predicted, weight! and volumes, a 
firned and cnflnnod haat exchanger wero built and tested. A 
description of thoae two hoct ex:hancoro and the experimental 
technique used to evaluate thoir performances are presented heroin. 

HESCKIPTTOr OF KIOTPHEW AND UR7HU .EKTATIOTJ 

The design fectums of the finned rnd uni'lnr.ed heat exchangers 
wore similar. Emails of the two hint-exchanger cores aro shown 
in figures f  through 10. Previous experience with flat>-plnto hor.t— 
exchanger construction has lr.iioated that the plate materirl should 
be either jnMlisod aV.lnloas steel or Inconol. For the plain 
plate hor.t exchanger, the plates were formed from 0.032-inch-thick 
Inconel. 9pac«r3 were placed in both the r.lr and the «.xhr.uaV-gaa 
paasagea of this vr.it to prevent th>. plr.tes from warping and buckling 
due to the high tempere, turns encountered. 
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For the Tinned hoat exchanger, the finn wore shaped In the 
fern of corrugations or equally spaced ridges. The fin material 
va3 0.01^- "id 0.032-inch-thlck stainless 3teel for the air and the 
exhauct-gae fin3, respectively. The plates vere formed fron 0.032- 
Inch-ihlek stainless steel. The flr.s or corrugated sheets were 
place 1 within the gas pasoagos and attached to the plates at the 
tops and bottoms of the corrugations. With this arrangement »ach 
side or a  single corrugation fomed two fins; also the fins acted 
as ipucera and stlffeners, thus preventing the plates from warping. 
Before assembling the coro of the heat exchanger, the plates and 
fins were thoroughly cleaned and then coated with a thin layer of 
copper by r. upr-ylnc process. When assembled the core was Jigged 
I nd brazed In a controllod-ctmosphore furnace. During tho fumaco- 
brazlng process sorao warpuge of tho plates In the outside air and 
the oxhauit-gas pa3nago3 occurred, resulting ir poor bonds between 
the fins and plates in tho.io pasoogea. Retouching of some of the 
plate Joints was done by flame brazing. 

Tho heat exchangers wero flight—tested on a throe-placo 
ob3orvatlon-typo airplane powered by a radial engine rated at 
835 horsepower at 3500 feet altitude. A more complete description 
of the airplane is giver. In reference 6. The unfinned hoat 
exchanger when Installed for flight testa la shown in figure 11. 

The uhmudlnp or headers employed In tho flight testa 
consisted of transitions between the round exhaust stack and 
dueling, and the rectangular contours of the hoat exchangers. The 
headers ujod In tho determination of coro pressure drop in ground 
teats consiatod of straight rectangular ducting, free from any 
pressure losaes ether than that duo to skin friction. 

The Instrumentation uocid In flight—tos ting the unflnned heat 
exchanger and tho location of the Instrumentation in the tost 
Installation aro shown in flguro 12. For the flight tests of the 
firmed hoat exchanger, the Instrumentation differed from that 
shown in figure 12 In that the pressure—survey rakes rnd tho static 
wall orifices In the exhaust stack wore not used. In those tests the 
noniaothermal pressure drop of the heat exchanger was not measured. 
For the tests of both heat exchangers, air or-d exhauj't-gaa flow 
rates wtre mnr.sur'sd with venturi motors located downstream from the 
heat exchanger. Air temperatures were measured with two bore iron- 
conatontan thermocouples upstream from the heat exchanger und six 
downstrear., -11 equally opaced across the' ducting dl:jjeter. 
Exb.us:—g.a temperatures were measured with quadruple—shielded 
thermocouples, one located upstream and one downstream from tho 
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heat exchanger.    T.v Bhloldod thoracc-iuplcB vox« located at the 
censer of the oxhautt stack. 

/* the flight touts of thu unflnrod hont exchanger, tho 
total-;>ro3surc drop corcos the hrat exchanger or. tho ulr aide was 
noaavod w;ta two prcjaure aurvoy rakao.    (See flrj. 13.)    On tlie 
i.xh- v :v-gr.c o?do, the ntatic-pr.-ssuro drop voa measured by noans 
of throe static-wall orlfIcon upstream and four static tubes dowa- 
ntroam from tho hont oxchorgor.    The four static tubed WOIM a pRrt 
of B proaauri-curvoy rako (fie. 13) ueoi to check the exhaust-cas— 
flow ratoa aa di.torrin.jd froo the venturi notor. 

TEST rBOCEDUPE 

Flii^it toatJn3 of tho host exchangers wr.3 conduced to 
evaluate  their tho.:T!al performances and to determine the 
nonlBOtborBal prc33uro drop of tho unfinnud hc-t-oxchar.gur coro. 
Ground tosts vor."1 made to dotoralnj the isothermal core prssauro 
drops '•ltd cloo tl.o laothonna;. pivaiiure drop of the hecderB usod In 
flln}it-to3i.ino tho ur.flnned üxc'jragrr. 

Flight Testa 

Flight testing of the hjnt exchangers w>a ocnd'Jctoi In level 
fli.-^it at   >,000 and 15,000 fact prcosuro alt'tudca.    The oxhauat- 
30S-flow ratoo vroro regulntod by adjusting tho annifoid preosuro 
;ind engine spcod to obtr.in desired weight flow rote a i.f r.pproxl— 
nr.toly ?200, U200, and 5^00 pounda por hour.    However, due to tho 
liailod capacity of tho engine at 15,000 foot proasuro altitude, 
only the lowoBt flow rato of J200 pounda poi* hour could be obtainod. 
.'n la&ot jxnauet-gas temporature of approy.i».-te2y l6oo° F was 
obtainod by adjusting the fuel-air ratio.    Tho air-flow rote waa 
regulated 'jy noana of r. valvo in the autlet-alr duct.    Fur each 
oxh'iuat-gnc flow rato, mocBuronents wore tekon et tho nsaxiauE air- 
flow rate obtainable and at several reduced oir-flow rates. 

Gvrund loose 

Ground toste of tho unfinnod hoat exenangor »aro made to 
detormlno the cor.po-y.nta of the iaathormal ?.-oaBure drop rcross tho 
hrat-cxehnnger lratrllctlsn as toatcd In flight.    'Ala won accoc- 
pli.iiicd by touting tho hoat-cxc'iK>nger coro, both air rnd exhouot- 
gas silo«, when equip><? with the following coabln^iions of headers: 
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1.    Inlot and outlet straight headers 

r-,    Inlot straight hoadar and outlet flight header 

'.    Inl.it flight hoodur anu. outlet straight hondor 

During erch tost, air it rocra tonportture woo drrvn through tho 
hoat uxchongor et flow rates varying fro:-. 1000 to bOOU poundc por 
hour.      Static pressures upstrean and downctroTa frca tho hoat- 
oxchangor core wore raacurod with etat5c tubos, and air flow rates 
ware raacurcd vith n vonturi rotor.    All neaaurod static-prosaure 
drops ware corrected for area differences In thooo tosts In which 
tho neasurorentr. werr ->ado In ducting of unequal cross-sectional 
area.    Tho pressure drop of the hoat-exchanger coro was obtained 
when th.j heat exchanger was tested with o>--th straight headers, 
since the component of pronsure drop contributed by tho otraight 
headers was calculated and fovjid to be negligible.    The prossure 
drop of a fll#it ho~dor was deterelned by subtracting tho pressure 
dre-p of tho core fr't- the luaourad pressure drop of the heat 
exchanger vhon equipped with •- single flight header.    As c check 
of the liuvi of th'. component pressure drops, the heat exchanger was 
ti,ctod when equipped with both flight headers.    Ground t.--.ts of the 
finnud heat oxch'jigov consisted of Measuring the procsuro drop of 
the ciro whuii equipped with straight inlot and outlet headers on 
tho air and thu oxhaust-gas sldoo. 

PRECISION OF tCASUBEMEiflS 

Tho vcnturl raters usud to xuasuro tho exhaust-gas and tho air 
flow rates were calibrated against a sharp-^dgod orifice«    A 
conparison of flow rate's us ueasurod by tho venturi aotors and 
pro.5Buro-3urvoy rakes indicated cgrcoiX'nt within to and *5 percent 
for th i exhaust-gas end air flow raton, respectively. 

The- iri t-air teap«rature was aeasured by :xsans of two bare 
iron-eonotantan thomocouploa which indictod touporaturos within 
S° f aini 3° T cf thu standard froo-air tutsjoraturo Installation. 

Th*. outlet-^ ir tonporature was taken as tho arithootlcal average 
of tho tejitx-'r-.tures as Indicated by th« six bare iron-conctontan 
thomocouplas.   Radiation errors in tie thermocouple roadlngc wore 
reduced by lagging tho ducting with l/fc-lnch asbestos.    It is oetlratod 
tho naxiMo. error in deturrlning the average outlot-olr toitperature 
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v-.a *10° F.    The jxhau3t-3Pis toaporaturca i.oro noaaured at tho 
confer of tho oxlir.uct .itack.   Radiation errors woro alnlnltud by 
using (iu.-.drijlo-6hiüldt;d thorcocouploa and b;- lagging tho oxhaust 
stack with l/l|—Inch •Db.jtuB.    It la oaticatcd th   mxiraic jrror In 
dct.rJnlnc tht p.vjrajjj ox)iau6t-gaa tuiptfrsturj via ±kQ°S.    The 
r».aa,:-'yd air and cxhauit-gas tosjwraturoa wore not corroctjd for 
-.dlatatlc tenporcture rJsuE, slnco tho vclocitinu at tho points of 
rur.aurjaont Wuro not largo. 

For the flicht toots, tho arartgo total pruaaura at a otatlon 
on thv r.ir side vao thv arithmetical noan of tha totoi-proaauro 
ra asurenanta.    Slnco tho 3ultlc1.ll mnonjt^ra astd to rocord 
proosurv ns.aauroaonta weru calibrated, tho orror In the UBO cf tho 
Instrunonta wae prlncip-lly that of reading thu film records.    It 
In  .ntlnatod that t)io nax3r.un orror In th«. nonlnotherrtal prcoouro— 
drop maaauruuonta wae *1.5 poundG «wr square fout.    For the ground 
tostn, rJcronsnonot-rfl wore -jsod In tho proaoare r»jaouroiK.nto.    It 
ll buliovod tho    rror In thu lsothamal preaau.-e-drop ajaBurtaanta 
v-.o auoll. 

Baaod u?qn '•innld'sratlon of tho accuracy of ruaauroaents. It 
la oatlnatod th.- r-oxi. ;ur. error In diV raining the thoroai outputa 
of tho kwt oxcnr.3gur3 was ±0 p;rcunt. 

EXFKRIMJMTAL RESULTS 

Sic vcluita and weights of the finned and th» unflnnol hoat 
exchaaflcra, which m built and t.st d, aro shown In figures 3(c) 
•vnd fc(c), roopcctlvtlj.    Thj thursil pcrforucnees of th- two 
exchanjoro as ovrJ.-jr.tjd fro:a thu air—aidu enthalpy chengo together 
vith tho inwdlctod tiunsol output of thj unflnn-d hilt • •xchungjr aro 
ohowr. in figure Ik,    Th- thorual outputs of th. two '-.-at oxchangora 
ae jvoiuatcd fror, s st data wen. corrected to ..quivalunt Initial 
toitpiraturc conditions by thv rtthod glv-n in tho appendix. 
IfcnlbOthumU. fn»c3ur —drop data for thj unflimod IkMt uxchang r 
a« uoasur-d in flight sad when roducod to HACA ctondarl condltlona 
of tooporaturo and prusourj m shewn in fl;n»roo 1? and 16. 
Pr"dlct^d l8..thomJ. pr •aeur. drops and tost data for both heat 
i xch?n/vrB aro coaparid at atandard condltlona Jr. fijur-- 17.    Thj 
a thod of roduc'ng th.- prascuro-d'»op data to et-ndard conditions Is 
£!•'>» In too appendix. 
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DISCUSSION 

Th-; volunos of tho fianod ani tho unf inn:d hcat-oxchongor coroo 
a.i n loft la figure  j(c) woro calculated ac tho product cf   b~,    bg, 
and   I .    TherK voluuos woro used in pr-.furonco to those dotomlnad 
froc tho ri.T.Burod over—ill dlncnalone duo to thu offocts of construc- 
tion faaturos upon tho ovor-all di^wnsions.    Those features, nauely, 
tho protrusions of tho flange.; fron tho plates, aro characteristic 
of th:n hont-ozclKX®. r doaign and have no particular offoct upon 
tho heat—transfer or proosuro-drop perfemances, 

Fron lnspoctlon of fitruro 3(c) It :ny ho notod that tho velum? 
of tho heat oxchangor with finned surfacoa Is higher than tho 
proalctef. vduc.    In fabricating tho fins, allowances for radii 
to bond tho fins In the fom of «jorrugationo woro necessary and, 
ae a ro.iult, the ratio of fin area to prlanry hor.t-transfor— 
surface or a vao loan than th« doeign ratio of I/O.7O7.    To 
compensate for this reduction in fin area, thu prinary hoat-troncfor 
area van Increased b;- ineroscing tho dlnensions   ha   and   hg.    This 
Increase in   bn.    •:.•'. hg   also compensated for the reduction In 
free cross—sect]oncl M of the gao passages due to thu prosenco 
of the fins.    Thus, vlth an Increase of tvo of tho dimensions of 
the heat exchanger, tho resulting volune was larger than predicted. 

Th.- wojghta of thu cores of tho finned and unfinnod heat 
exchangers, as notod in fl^uro U(c), wore W-l/2 poundo and U9-I/2 
pounds, respectively.    The r.ognitudu of tho reduction in weight with 
tho use of fins conporon favorably vlth tho predicted values of 
26 and 3O-I/2 pounds.    Hcwcvur, this agroonont nay b« fortuitous 
since the- predictions are bosod only on tho w eight of tho flat- 
pl-.to-surfacc areas plus thu weight of t:.    fins for the finnud unit. 
Tho weights cf tho coupletod coroa Included th, additional weight 
of flangeo, ßpexors, brazing ixterlol, etc. 

To conparo the th.rt.al cutp-it.-i at equivalent test conditions, 
all data woro correct ;d to on initial air to exhMiot-gas tempera— 
turo difference of I5OO0 t.    Thia tenpjraturo dlffonncc was chosen 
Bineo It approxinotes th.  test conditions of thlo lnvoBtigatlon and 
thor. encountered by a hoat uxchangar In a thoroal ico-provontlon 
sycte:..    Inspection of figure Ik shows good ogrooccnt between the 
thuiTRl perToi-.i-.ncca of th: two heat exchangors.    The thernal output 
of approxfcr.tely ..U;,000 Btu per hour at air and exhaust-gas flow 
rates of 3500 '.-.nd 38jO pounds por hour, respectively, cooparuo 
favorably with th; declgn output of 250,000 Btu por hour.    The 

5 
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iori/si output was basod upon an air and exhaust-gas flow rato of 
3500 rounds per hour and in Initial r.ir-oxhauot-gas-tonperaturo 
diff.ronco of 15to.° F. 

The proscuro-drop porformnces of tho tve hoat exchangers 
woro cocpared on the- bacis of tho static—proseuro drop across the 
hoat-oxchongjr coros at torjporature and pressure conditions which 
correspond to KACA standard oca—levol atnosphere.    In leothoroal 
flow, static-pressuro drop Is approxluatoly equivalent to total- 
pressurc drop whon ucacurod at stations of equal area, if the 
velocity distribution across tho two stations la postulated to be 
the nary:.    The acthod of reducing tho ueaeurod leothernal and 
nonioothemal prcssuro-drop data to standard conditions, cs shown 
In t!i    appendix. Is substantiated by the data presented in figures 
15 and 16. 

Tho predlctod icothomal pressure drops for both heat exchangers 
as shown in figure 17 Include the friction pressuro drops and tho 
expansion pressure drops at the outlets of the cores.    The entrance 
looses were assunod negligible, since tho entry Into the individual 
p-.snagna was nnooth Bad. well rounded.    Inspection of figure 17 
indicates that tho prod'eted and exporlaental pressuro drop for 
the finned hoot oxclianger are slightly lower than tho corresponding 
pressure dropB for th.i unflnned unit.    This is due to the lower 
oxpanolon pressure los3es at tho outlet of the fluid passages for 
the finned unit. 

COIJCLUSICKS 

Based upon the eonparativo weights and voluaus of faullios 
of flnnod and unfinnud flut-plate—typo hoat «•xchangurr, deslgnud 
fur oqulvalent hoat—tranufor and friction-pressure drop porforu- 
oncos, It is concluded: 

1.    A consldorcblo reduction in over-all size or voluno 
results with tho use of fins lr. both the air and the exhaust-gas 
p-.BB.agoc.    Tho largest rociuctlcns lr v.lurn occur with tho use of 
fins with high 'ifficloncles.    7-r tbi two heat exchangers built, the 
voluno of the finn-.d unit war approximately 18 percent lues than tho 
unflnned unit. 

3.    The r 'uction in weight with the use of fins In both tho 
air and tho .xhaust-gas passages depends upon tho design efficiency 
of tho flnu   jid the dlnensions of tho fluid passage gaps.    Tho 
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largest reductions In weight voro obtained with the lowest design 
fin sfflclenclos Investigated, nanoly 70 percent, and in exchangers 
which have a large nut&ur of passagec with the sane size air and 
exhaust-gas passage gaps. For a heat oxchanger constructed with 
fin» of 70-porcont design efficiency, the reduction in weight 
coupared to on unflnnod unit was approximately 10 percent. 

3. With fins In the air passages only, the reduction In voluno 
la not as largo is cocparod to units with fins in both the air and 
the oxhauet-gfis passages. Weight reductions with tills fin arrango- 
nint are obtainable in units with snail air-passage gaps. 

Anas Aeronautical Laboratory, 
national Advisory Coeiittoo for Aeronautics, 

Moffett Field, Calif., April 21, 19<»7. 
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APPENDIX 

REDUCnCW OF DATA TO 3QUIVALEW COHDITIOBS OF TBCEKATUBES /JD FSESSUR3 

Poduetlon of Thimrl Dnt- 

Tho correction applied to too thermal outputs of toe hcr.t 
exchangers was dotorminod fron too OTer-ull ho'it-transfor roto 
which, oxprcosod In too notation uaod In tolc roport,  la 

Q - UpS At... (X9) 

UpS Kef (^IP-^ln)- (^tjUt - ^out)  
r     '    logo[(tgin-t-in)/(tgout-teout)] 

(20) 

Determining   tr3„t   -nd   tgout fron enthalpy changes on tho rlr 
end cxhiujt-gnt sides 

taout   - (O/Wscpa) + toln 

end 

tgout    " tgln ~ ((5/wecPB* 

With thc-so V-J.U03 of    teout and tgout,    equation (SO), wb-n 
roducod, then bocoaos 

ft-     t,     ) ? wgcP^,'"?P.-. N   T.        1 1 
IHta-W   ^cp^gcpg^ t   " ,.WpS Kcf[(lA-6<=P«)*(l/W^p3)J j 

(si) 
It «ey be noted fvcm this cxprcaslon th-.t tbo thcrnr.1 output it 
conn tont ilr end cxh-.uat-^-.o flow rr.te3 lo s function of 
*61n-,«in»    cpg»    CPQ»    onli up-    Boecuae    Cpg,    cp,.,    end Up   vary 
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only slightly with tomnorrtur,, tho thoroaJ. output varies llnoorly 
vlth    Vtn-t-.jn.   Honco, tho correction to reduce tho thoraal 
output to standard lnlot-tonporrturo conditions lo 

Qo • Cto8{>* ' ^     ] 
l.(t81n - ^ln^tost J 

Poductlon of Icothoraol Proasure-Orop Dati 

Tho lsothorwal preaouro drop of tho hoet-oxehcngar ooro tit 
standard Nr'.CA conditions of tensporatiuv end prosouro nay bo 
oxprcaaod as 

(23) 

In equation (EJ) the he?tr<;:cchangor corc-ontranco loan v.-.o ec3umod 
negligible sines the- entry Into tho Individual nlr end exhsuefc-gao 
poaaogos wa3 smooth end veil rounded.   Corrolatlns   (^Pv.'„ end 

(^PZ'o   wi*', **v> 00:"roaP0n41n6 proosuro drops at tust conditions 

ff Or (to/Dp)J0       1 
*Mt | [f qc (i;L/Iiu) JtJat  j 

?3 

(2S) 

to», • t^twtfrnawsfa;} 

(?itj 

K«5) 

whoro   K   In equation (r?) Is tho rctle of too crjpa-soctienal froo 
aroa of tho core to th   croc of tho outlot luador.   With those 
valuos of   (£pfJ0   and (i9%)0   equation (23), vhon reduced, th.-r. 
boconcs 
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The temperature correction    (To/Tteet)0*19   which applies to the 
friction pressure drop, corrects for chongee In friction factor 
with Reynolds number.   Neglecting this correction results In only a 
email error, since the isothoraal tests wore run at roon tomporcturo, 
-nd simplifies the reduction of isotherme! prossuro-drop data to 
merely •• denalty correction, or 

toc>c (*,) test ^ w (27) 

Seduction of Honioothormo! Pressuro-Orop Date 

Referring to the stations shown in figure 1?, the alr-sldo 
nonisothomcl total pressure drop of tho hoat-oxchonstr core was 
dotunnlnod from the measured tot-^l-prcssuro drop of tho hoatr- 
oxchanger installation as follows: 

(4pc)T - (ApJx.g - Kln(qa) - Kout(qa) - (Apf )„_6 (28) 

Tho inlet fllght-hoador pressure drop   Kin(q2}    end tho outlot 
flight-header pressure drop   Kout(9a)    wore ovwluatod by moens of 
ground tests.    Tho coefficients   Kin   nnd   Kout   ore tho ratio of 
tho fllght-hoodcr prc3ourc drop to the velocity hood at tho inlet 
nnd outlet of tho heat-exchanger core, roopoctivoly.    Tho friction 
pressure- drop    (dpp)B_8    In tho ducting downstroam from tho hoat 
exchanger vas calculated. 

From tho nonisothormal total-pressuro drop of tho hont- 
oxchangor core, 

^P + £pg    . (^pc)T    - (q3-qa) (29) 

vhorc q-,-q2 is tho momentum pressure drop. In order to apply 
the proper corrections the magnitudes of Apj. and Apg must be 

known. Tho proportional distribution of the sum App + Apg 

into Its components was determined from tho analytical predictions 
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of ih : nonloothcrmol pressure drop of tho core.   The total pressure 
-rvi 3f tho core at RV.C/. standard conditions of temperature and 

pruncuro la toon 

te0)    . (dpp) ''fitt Urt ov, »o/ 
(30) 

Iho method of crnluating and i-od-ietry/ the static-pressure drop 
of the ho-.t-cxchangor MM on tho i>xhaust~ga.s sidu was jlrallai* to 
that usod on tho air side,    Tho dll'forcncco in tho two methods were 
(1) In determining tho st-tir-projsurn drop r.f the soro, corrections 
were nocossary to adjust for nroo difforoncoe between the host- 
oxcbangir core and tho stctlona at vhZ'jh tho moasuruacnts vuro token; 
(. ) tho change In wosauro duo to r. ctenyo In momentum on tlio 
oxhrust--g'ie side was ?(ortJ    as ennprrod co   c — q_   on tho r.lr 
Side. 

In figures 15 rnd lb ore presented tho nonioothormoi pro&auro— 
drop data for tho unflnned hont cx-rt-ingcr cs Honoured In flicJit and 
when roduicd to standard i,ond5tione of t-.-mpemturu end pressure. 
A comparison also Is acdo In figure 15 betwoon th.-sc ir.tr. st 
standard conditions end the measured lcothornal pressure drop.    The 
ogroe-mont hetvmon these- twe acts of dita ^s fair with sane- scatter 
on tho r.lr side nt the levw clr flow rotes.    H-wever, tjio -j(?r>.c— 
ment dous indicto tho mothod of reducing the ncnloctfc'.rncl pressure— 
drop data is setjof ;ctory.    By eliminating the uffocta of tempera- 
ture and prossuro with vorlouc tost conditions, this comparison 
llluatrntou thct tho basic prosouro-drop nousurumont, to ostabllah 
t:    pressure drop performance. Is the loothoimal tottl proejuro drop 
across the h.- v- x. hang ;• cere.    Tills conclujion la further 
substantiated after ox-mlnin3 the components of tho nor.ijsth.m-1 
pressure drop, which, on the air side, may be expressed sa 

faO r'tcst (+) Ä.VS 0 ywvV/' (**) (19* f^*' (3D 

The changn in prossuro    0.3-0.2   due to on lncraoso lr. momentum of 
the fluid lc not noccs.ir.rlly • totally lrrecovozrblc prcacuro loss. 
This pressure drop mry be partially rocororod, dep;n4ing upon tiio 
drop in temperature of tho fluid In the system .iftor the heat 
oxrhengor.    On th    jxhaust-griu sldo, .tho chance in pressure duo to 
a i .re -ir  In nonontuu of the fluid rosults In a docrooao In pr /sure 
drop.    Tho donaity corroctlcna which apply to    (£pj-)0   f'nd (-iPt)0 

! 
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••i— thooo due to variations in temperature of the fluid through tho 
coii» and changes in pressure with altitude.    Isothermal total- 
pressure drop at standard conditions represents skin friction, 
expansion, contraction, or turning losses at a standard temperature 
and pressure, and are irrecoverable losses. 
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Fig. 8 

(a)   Three-quarter end view. 

>..iNt»<     H, 

fb)   Three-quarter side view. 

Figure 8.-   Unfinned heat-exchanger core. 
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Fig. 9 
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Fig. 11 

(a)   Three-quarter front view. 

(b)   Three-quarter rear view. 

Figure 11.-   Heat-exchanger Installation for flight tests. 
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